INTRODUCTION
Protein phosphatases 1 and 2A (PPI and PP2A) are two of the four major enzymes that dephosphorylate serine/threonine residues of proteins in eukaryotic cells [see Cohen (1989) and Shenolikar and Nairn (1991) ]. During the last decade these enzymes have been shown to be specifically inhibited by several naturally occurring toxins including okadaic acid (OA) (Takai et al., 1987; Bialojan and Takai, 1988) , calyculin-A (Ishihara et al., 1989) , microcystin-LR (MCLR) , nodularin (Matsushima et al., 1990) , tautomycin (MacKintosh and and cantharidin (Li and Casida, 1992) . These toxins are now used as powerful tools for research of an increasingly wide variety of cellular events regulated by reversible protein phosphorylation.
OA was the first to be identified as a substance of this category (Takai et al., 1987; Bialojan and Takai, 1988) . The specificity and kinetics of phosphatase inhibition by this toxin have been studied most closely. In comparison with the other potent inhibitors subsequently described, OA is characterized by its much higher affinity for PP2A than for PP1. We have reported that K, values for its interaction with PP1 and PP2A are of the order of 150 nM and 30 pM respectively (Takai and Mieskes, 1991; Takai et al., 1992a; see Table 3 ). The affinity of OA for PP2A is so high that it must be treated as a 'tight-binding inhibitor' [as defined by Henderson (1972) ] when the steady-state in the dissociation constant associated with the interaction of [24-3H] OA and PP2A. This suggests that OA and the other inhibitors bind to PP2A in a mutually exclusive manner. The protein phosphatase inhibitors may share the same binding site on the PP2A molecule. We have also measured values of the dissociation constant (K1) for the interaction of these toxins with protein phosphatase 1 (PP1). For MCLR and calyculin-A, the ratio of the K1 value obtained for PPl to that for PP2A was in the range 4-9, whereas it was 0.01-0.02 for tuatomycin. The value of tautomycin is considerably smaller than that (0.4) calculated from previously reported K1 values. dose-inhibition relationship is analysed (Takai and Mieskes, 1991; Takai et al., 1992a) . Because experiments with tightbinding inhibitors often have to be performed with very low enzyme and inhibitor concentrations, the enzyme-inhibitor interaction tends to show a marked time-dependence (Cha, 1975) . We have shown that the interaction of OA and PP2A is indeed very time-dependent (Takai et al., 1992b) . On analysing the presteady-state time course of OA-PP2A interaction, we have found that the rate constants for binding of OA and PP2A are of the order of I07 M-l s-1, a typical value for reactions involving relatively large molecules, whereas those for their dissociation have very low values in the range 10-i to 10-3 S-1.
Interestingly, experiments by several groups have shown that OA and the other inhibitors prevent each other from binding to PP2A. MacKintosh et al. (1990) have examined modification of the inhibitory effect of MCLR on PP1 by PP2A. They used a PP2A preparation that, although inactivated by pretreatment with NaF and pyrophosphate, still retained the ability to bind MCLR. Addition of the PP2A preparation caused an increase in the concentration of MCLR required for 50 % inhibition of PPl. They have shown that this change in the affinity of MCLR is abolished by preincubating the PP2A preparation with OA. Using a similar methodology, they have also shown that OA prevents binding of tautomycin to PP2A . Fujiki and Suganuma (1993) Li and Casida (1992) have shown that binding of 3H-labelled cantharidin to a mouse liver fraction containing PP2A is reduced in the presence of OA.
Such observations suggest that the protein phosphatase inhibitors may share the same binding site on the PP2A molecule. However, this attractive possibility has not been quantitatively examined so far. The major difficulty lies in the fact that OA and some of the other inhibitors act on PP2A as tight-binding inhibitors (Henderson, 1972) for which conventional methods of data analysis, based on Michaelis-Menten-type equations, are not applicable. For example, the standard procedure of the Scatchard (1949) plot cannot be applied for analysis of bindingassay data when two competitively binding ligands involved are tight-binding inhibitors (see Henderson, 1972) .
In the present experiments we have introduced an improved method for examining to what extent the affinity of an enzyme for a labelled tight-binding ligand is reduced when the enzyme binds to an unlabelled tight-binding ligand. Using this method, we analysed the decrease in PP2A binding of [24-3H] OA by addition of OA, MCLR, calyculin-A and tautomycin. To compare the ability of the unlabelled inhibitors to reduce the PP2A binding of [24-3H] OA with their affinity for the enzyme, we measured the dissociation constants for the enzyme-inhibitor interaction by dose-inhibition analysis. As information on selectivity is useful for biochemical and physiological applications of inhibitors, dose-inhibition analysis was also carried out with PP1 as well as with PP2A. In previous work with OA and its derivatives, we have repeatedly noticed that the molar concentration of the enzyme is a crucially important parameter in experiments with tight-binding inhibitors (Takai and Mieskes, 1991; Takai et al., 1992a,b; Sasaki et al., 1994) . In the present experiments therefore particular care was taken to make the enzyme concentration (and also the inhibitor concentrations) as accurate as possible. We have also considered the time-dependent nature of reactions involving tight-binding ligands.
We present here results that indicate that binding of the unlabelled inhibitors to PP2A causes a large (106-108-fold) increase in the dissociation constant associated with the interaction of [24-3H] (Cheng et al., 1987 (Cheng et al., , 1990 (Takai et al., 1992a ).
Preparation and assay of protein phosphatases
The catalytic subunits of PP2A and PP1 were prepared from rabbit skeletal muscle essentially as described by Tung et al. (1984) . SDS/PAGE of the PP2A and PP1 preparations revealed single polypeptides of molecular mass 35-36 kDa. The molar concentration of the PP2A calculated from the protein concentration (Lowry et al., 1951) and the molecular mass [35.6 kDa (Cohen, 1989) ] agreed well with that determined by the titration procedure using OA as standard (Takai and Mieskes, 1991 (Cohen et al., 1988) . Myosin light chains were purified from chicken gizzard essentially as described for isolation of cardiac light chains by Cummins and Lambert (1986) The activities of the protein phosphatases were measured at 25°C as described previously (Bialojan and Takai, 1988; Takai et al., 1992a (Sasaki et al., 1994) . p-Bromophenacyl-24-dehydro-OA was then separated from the mixture by h.p.l.c. on a reversedphase column (Cosmosil ODS5 C18-AR; internal diameter 10 mm x 250 mm; Nacalai Tesque, Kyoto, Japan) with acetonitrile/water (9:1, v/v) as the mobile phase at a flow rate of 2 ml/min. The 24-dehydro-OA ester was eluted at 27.8 ml (yield, 33.4 [24-3H] OA) dissociates from PP2A very slowly once it is bound to the enzyme. We have reported that the rate constants associated with dissociation of OA from PP2A are of the order of l0-3-10-1 s-1 (Takai et al., 1992b) .] After incubation for 30 min, each sample (1.0 ml) was decanted into one of the ten inlets of a VF-ION vacuum filter holder (Sanplatec Co., Osaka, Japan) equipped with a Whatman GF/C glass filter (diameter 24 mm). The filters were washed by adding 1 ml of the buffer from the inlets five times. [pNPP phosphatase activity in the filtrate was undetectably low, confirming that binding of PP2A to the filter was sufficiently stable.] After drying, the filters were placed in scintillation vials with 4 ml of Econofluor-2 scintillation cocktail (DuPont-NEN) for determination of radioactivity bound. We have shown that binding of nanomolar concentrations of OA and PP2A is highly timedependent [see Figure 1 of Takai et al. (1992b) ]. From the spectrophotometrically observed time course of inhibition of the pNPP phosphatase activity of PP2A by the unlabelled inhibitors, the above reaction time (30 min) should be long enough for a state of equilibrium to be established between the enzyme and inhibitors.
In preliminary experiments we noticed that there were two distinct types of non-specific binding of radioactivity to the filter.
(1) A small amount of radioactivity remained on the filter even when a high concentration (20,M) Table 3 ).
THEORY
The symbols used are defined in Table 1 .
Dose-inhibition analysis
To describe steady-state dose-inhibition relationships for tightbinding inhibitors we use the model function:
(1) where~( I) denotes the fractional activity (i.e. the ratio of the enzyme activity in the presence of the inhibitor to that in its absence) at a given total inhibitor concentration, I. This function is readily derived using steady-state assumptions, considering the reduction of the free inhibitor concentration to be caused by (Straus and Goldstein, 1943; Cha, 1970; Henderson, 1972) . We have shown that eqn. (1) fits well the steady-state dose-inhibition relationships for the interaction of PP2A with OA and its derivatives (Takai and Mieskes, 1991; Takai et al., 1992a,b) .
Binding assay Binding of an isotope-labelled ligand in the absence of other ligands When an isotope-labelled ligand, L1, interacts with E in the absence of unlabelled ligand, the steady-state concentration of the L1-bound form of E, 0, is given as an explicit function of L1, which is closely related to eqn. (1):
Note that, in this case,
Rearranging eqn. (2) Henderson (1972) .} However, this Michaelis-Menten-type assumption is often seriously violated with reactions involving tight-binding ligands.
Assuming a state of equilibrium we have:
[ELO]
[EL1]
and
Note that
(1 1)
We can give a thermodynamic interpretation to k as follows. Table 3 ), it follows from eqns. (2) and (3) Snedecor and Cochran (1980) ]. In both cases, differences were taken as statistically significant when a two-tailed probability of less than 0.05 was obtained. Table 2 gives the specific activities of the phosphatase preparations againstpNPP (5 mM), PMLC (4 suM) and phosphorylase a (4,M) which were measured at 25°C in the absence of inhibitors. The pH of the reaction mixture was 8.4 (see the Experimental section). All the present dose-inhibition experiments and binding assays were carried out at this pH which is optimal for the pNPP phosphatase activities (Takai and proteins were about twice as high as those listed in Table 2 when the pH was lowered to 7.0. However, the phosphatases are almost inactive with pNPP at this pH (Takai and Mieskes, 1991) . Figure 1 shows the relationship between the concentration of the phosphatase inhibitors applied and the steady-state activity of PP2A and pNPP (5 mM) as substrate. In these experiments the total molar concentration of PP2A in the reaction mixtures was kept constant at 2.0 nM on the basis of the Et value determined by fitting eqn. (1) to the dose-inhibition data for OA [data not shown; for typical dose-response curves for inhibition of PP2A by OA, see Takai and Mieskes (1991) and Takai et al. (1992a) ]. The dose-inhibition data appear to be well described by eqn. (1) with the use of the Et value (Figure 1) . The values of K1 obtained by the fitting are listed in Table 3 .
RESULTS

Dose-inhibition analysis
We also examined the inhibitory action of MCLR, calyculin-A and tautomycin on the activity of PP2A (2.0 nM) towards PMLC (4 ,uM) and phosphorylase a (4 ,M) as well as on the pNPP phosphatase activity. The K1 values obtained thereby are listed in Table 3 , which shows that the susceptibility of the pNPP phosphatase activity of PP2A to these inhibitors was not significantly different from that of its activities towards PMLC and phosphorylase a. In previous papers we have obtained very similar K1 values for pNPP phosphatase activity of PP2A and for its phosphoprotein phosphatase activity (Takai and Mieskes, 1991; Takai et al., 1992a; Sasaki et al., 1994) . Thus pNPP seems to be an adequate substrate to use to compare the PP2A affinity of the protein phosphatase inhibitors. Dephosphorylation of pNPP by PP2A, which has very high activity with this artificial substrate, can be determined easily and accurately by measuring the rate of production of p-nitrophenol with an ordinary spectrophotometer [Takai and Mieskes (1991) (Table 3) . Table 3 includes the K1 values obtained by dose-inhibition analysis with PPI (1.8-2.5 nM) using pNPP (5 mM) and PMLC (4 ,uM) as substrates. Again we found no significant difference between the K1 values obtained with the different types of substrate. Of the inhibitors examined, it was also MCLR that exhibited the highest affinity for PPI. K1 values for interaction of OA with PP1 and PP2A (Table 3 ) agreed well with those reported in our previous papers (Takai and Mieskes, 1991; Takai et al., 1992a; Sasaki et al., 1994) . The ratio of the K1 value for PPI to that for PP2A (PP1/PP2A) is calculated at 4600 (Table 3 ), reconfirming that OA exhibits a much higher affinity for PP2A then it does for PP1 [see e.g. Takai et al. (1992a) ]. Although MCLR exhibited very strong inhibitory activities towards both PPI and PP2A, its affinity for PPI was significantly weaker than for PP2A. Calyculin-A also exhibited a significantly higher affinity for PP2A than for PP1. However, the PP1/PP2A ratios for these two inhibitors, which fell in the range 4-9, were much smaller than the value for OA. In contrast with the other three inhibitors examined, tautomycin showed higher affinity for PP1 than for PP2A (Table 3 ). The K1 values (0.4-0.5 nM) obtained in the present experiments for this inhibitor with PP1 are comparable with that (0.16 nM) reported by MacKintosh and . With PP2A, however, we obtained considerably larger K1 values (26-35 nM) than they did (0.4 nM). As a consequence, the value (0.01-0.02) of the PP1/PP2A ratio for tautomycin listed in Table 3 is notably smaller than that (0.4) calculated with the K1 values of MacKintosh and .
For the inhibition of PP2A by calyculin-A ( Figure 1 ) the variation in data appeared to be larger at medium inhibitor concentrations (1.5-3.5 nM) than the dose-inhibition relationships for the other inhibitors. A similar tendency was observed for the phosphoprotein phosphatase activities as well as for the pNPP phosphatase activity of PP2A (results not shown). The larger variability of the dose-inhibition relationship observed with PP2A is possibly due to hydrolytic degradation of calyculin-A, a monophosphate ester, by the remaining PP2A activity (see Table 3 Dissociation constants for the Interaction of PP2A with the protein phosphatase inhibitors The values for dissociation constants (means+S.E.M.) obtained by dose-inhibition analysis (KA) and binding assay (KO) are listed. K; values were obtained by fitting eqn. (1) to the dose-inhibition data (Figure 1 ) by non-linear least-squares regression. PP1 /PP2A is the ratio of the A; value for PP1 to that for PP2A. To estimate Ko values, eqn. (20) was fitted to data from the binding assay (Figure 3 ) using eqn. (16) (general) or eqn. (19) (competitive) as the explicit form of 0. In the fitting procedure using the general interaction model, the ratio of the dissociation constants k [see eqn. (12) Binding assay Figure 2 shows the relationship between the total concentration of [24-3H] (1) at 99% of the total enzyme (cf. Figure 2 As shown in Figure 3 , the specific binding of [24-3H]OA to PP2A was inhibited by addition of the unlabelled inhibitors in a dose-dependent manner. In these experiments, the total concentrations of OA in the reaction mixture were kept constant at 2.0 nM and 5.0 nM respectively. With this setting, the fraction of PP2A bound to [24-3H] OA in the absence of unlabelled inhibitors is estimated by eqns. (2) and (3) at 99 % of the total enzyme (see the Theory section). Thus the condition under which eqns. (16) and (19) may be used seems to be fulfilled. We tried first to fit the general interaction model (Scheme 1) to the data for MCLR, calyculin-A and tautomycin, using eqn. (16) as the explicit form of sb in eqn. (20) . For the fitting, the dissociation constant for the PP2A interaction of [24-3H]OA was again assumed to be the same as that of unlabelled OA (i.e. K1 = 32 pM). The regression curves obtained (Figure 3 , solid lines) appear to fit the data points satisfactorily. As shown in Table 3 , the values of k obtained by this fitting procedure were of the order of 1061_08. The very large k values are indicative that the PP2A binding of [24-3H] OA and that of the unlabelled inhibitors are mutually exclusive [see eqns.
( 1 l Figure 1 ). No such tendency appears to exist at any concentration of calyculin-A examined in the binding assay (Figure 3) , where almost no free PP2A remains in the reaction mixture (see above). Therefore it seems reasonable to speculate that calyculin-A, a monophosphate ester, may be gradually hydrolysed by PP2A and loses its inhibitory activity towards the enzyme.
DISCUSSION
Several groups Fujiki and Suganuma, 1993; Li and Casida, 1992) (see MacKintoch et al., 1990) . It should be noted that the principle of the method described in this paper may also be used to study the interaction of two tight-binding inhibitors on the PPI molecule, if a labelled inhibitor with sufficiently high affinity for this enzyme is available. Unfortunately, [24-3H]OA is not suitable for this purpose because the affinity of OA for PPI is much lower than its affinity for PP2A (see Table 3 ). Eriksson et al. (1990) and Fujiki and Suganuma (1993) have examined binding of [3H]dihydroMCLR to tissue fractions. As the affinity of MCLR for PP1 is similar to that of OA for PP2A (Table 3) , it will be interesting to examine binding of labelled MCLR to PPI in the presence of unlabelled phosphatase inhibitors.
In the present experiments we have measured Ki values for PPl as well as those for PP2A. It is now well known that OA exhibits much higher affinity for PP2A than it does for PP1 [see e.g. Takai et al. (1992a) ], whereas MCLR and calyculin-A (Ishihara et al., 1989) inhibit these enzymes with similar potency. These previous observations have been quantitatively confirmed by the present experiments (Table 3 ). The ratio of the Ki for PP1 to that for PP2A (PP1/PP2A ratio) is about 5000 for OA, 5 for MCLR and 10 for calyculin-A. In affinity of the inhibitors (see the Introduction). In the present contrast with the other three inhibitors examined, tautomycin
Interaction of tight-binding inhibitors with protein phosphatase molecule shows markedly higher affinity for PPl and for PP2A (Table 3) . The PPl/PP2A ratio was 0.01-0.02 for this inhibitor. This is considerably smaller than the value (0.4) calculated from K; values reported earlier (MacKintosh and . At the present time, inhibitor proteins 1 and 2 (Nimmo and Cohen, 1978) are often used for selective inhibition of PPI. Compared with these peptides, which are not membrane-permeable, tautomycin, being hydrophobic, can enter the cell (Klumpp and Schultz, 1991) . This property, together with its selectivity for PPI, will make tautomycin very useful for physiological experiments with intact cells.
